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ABSTRACT 
Envelope, or the temporal pattern of amplitude fluctuation is known to be 
important in auditory perception (Fay, 1980; Terhardt, 1974). The current experiment 
investigates to what extent perception is dependent on amplitude fluctuations in the 
envelope. 16 common goldfish, Carassius auratus. were classically conditioned to 
suppress their respiration in the presence of a three-tone complex having energy at a 
center frequency (CF) of 350 Hz, and side-bands at 320 Hz and 380 Hz. The 
conditioning stimulus was designed to have maximal amplitude fluctuation of the 
envelope. During testing animals were presented with sounds having either their side-
bands attenuated or the CF component's phase shifted. These manipulations reduce 
amplitude fluctuations of the envelope. Two additional test sounds were a 3 50 Hz pure 
tone and a three-tone complex, with the CF phase-shifted by 90 degrees and modulated 
at 15 Hz. The animal's perception of these sounds was measured using a stimulus 
generalization paradigm (Fay, 1972). It was demonstrated that the animal's behavior was 
controlled by the magnitude of envelope fluctuation, and not by the amplitude spectrum 




Behavioral and psychophysical studies have demonstrated that the goldfish's 
sense of hearing is comparable to most other vertebrates, including humans (Fay, 1988). 
Measurements oflevel discrimination thresholds (Fay, l 970a, 1989), frequency 
discrimination thresholds (Fay, 1970b), critical bandwidth (Tavolga, 1974) and 
modulation detection thresholds (Fay, 1980) indicate that audition in the goldfish is 
quantitatively like that of other vertebrates. Additionally, the goldfish's performances in 
perceptual studies are qualitatively like that of human listeners (Fay, 1972, 1992, 1994, 
1995 and Fay, Chronopoulos & Patterson, 1996). All of these findings as well as 
neurophysiological (e.g., Fay & Ream, 1996; Lu & Fay, 1993) and neuroanatomical 
results (Strieder, 1991) reveal the goldfish has an auditory system and a sense of 
hearing that has many shared features with other vertebrates. The purpose of the present 
experiment is to investigate stimulus features that determine the goldfish's perception of 
two types of amplitude-modulated sounds comprised ofthree sinusoidal components. 
These sounds are described below, along with the methods by which these sounds are 
synthesized and analyzed. 
2 
Sinusoidally Amplitude-Modulated Sounds 
The first of type of three-tone complex used in the present experiment is a 
sinusoidally amplitude-modulated (SAM) sound. An example of a SAM sound's 
waveform is illustrated in the top, left panel of Figure 1. Inspection of the SAM 
waveform reveals that instantaneous amplitude fluctuates periodically. The frequency of 
the amplitude fluctuation, or modulation rate (MR) can be quantified in cycles per 
second, or Hertz (Hz). 
Complex waveforms like those in Figure 1 can be analyzed into a set of 
sinewaves, or frequency components using a mathematical transform called Fourier 
analysis. Fourier analysis of a SAM sound produces an amplitude spectrum with energy 
at three frequencies. The amplitude spectrum of a SAM sound's waveform is given in 
the bottom, left panel of Figure 1. The three components of a SAM sound include a 
center frequency (CF) component and two flanking frequency components, or side-
bands that are equidistant from the CF component in units of Hz. The absolute value of 
the distance between side-bands and the CF component is equal to the MR of the 
waveform. When each side-band component is half the amplitude of the CF component, 
amplitude fluctuation is maximum and the sound is 100% amplitude-modulated. The 
magnitude of fluctuation can be reduced by attenuating the amplitudes of the side-bands. 
A SAM sound can be created either in the time domain or in the frequency 
domain. In the time domain, the instantaneous amplitudes of two sinusoids are 
multiplied and a DC component added. In the case of the SAM waveform illustrated in 
3 
Figure I. Representation of two types of three-tone complexes. 
Top. left: time waveform of 100% SAM sound. Bottom. left: amplitude 
spectrum of 100% SAM sound. Top. right: time waveform of a quasi 
frequency modulated (QFM) sound. Bottom. right: amplitude spectrum of 
QFM sound. Envelopes of each waveform are indicated. There are no 
spectral differences between the two sounds. However, there are differences 
in the envelopes. The difference is the result of shifting the starting phase of 
the CF component of the QFM sound 90 degrees relative to the starting 
phases of the side-band frequency components. An example of shifting the 
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Figure 1, the sinusoids would have frequencies of 350 Hz and 30 Hz, and equal 
amplitudes. The relatively low frequency sinusoid is called the modulator. The higher 
frequency sinusoid is called the carrier. In the frequency domain, the instantaneous 
amplitudes of the CF and side-band components are added. Both methods of synthesis 
yield a waveform and an amplitude spectrum similar to those illustrated in the top, left 
and bottom, left panels of Figure 1, respectively. In previous experiments the magnitude 
of fluctuation was calculated from the amplitude spectrum of a sound (e.g., Fay, 1972). 
This measure is called modulation depth and is defined as 20 log (m), where mis the 
ratio of the modulator to carrier amplitude. In other experiments cited below (e.g., 
Coombs & Fay, 1985; Fay, 1980), the magnitude of the amplitude fluctuation was 
calculated from the envelope using the quantity: 20 log ((Pl-P2)/(Pl +P2)), where Pl is 
the maximum amplitude of the envelope and P2 is the amplitude of the envelope in the 
trough. This measure of amplitude fluctuation will be referred to as the P-ratio, so that 
it may be distinguished from modulation depth. It should be pointed out that other 
measures of the magnitude of amplitude fluctuation exist, such as crest factor, peak to 
trough ratio and root-mean-square voltage of the envelope (Hartman & Pumplin, 1991). 
CF Component Phase Shifted Three-tone Complex 
The second type of three-tone complex used in the present investigation involves 
shifting the starting phase of the CF component. The starting phase of a sinewave 
corresponds to a point in the cycle of fluctuation at which sound begins, and is given in 
terms of degrees. The top panel of Figure 2 shows two sinewaves of equal frequency 
Figure 2. Starting phase relationships. 
Top: two sinewaves with starting phases of 0 and 90 degrees. Bottom: 
waveform with frequency components of320 Hz, 350 Hz and 380 Hz. The 
components have amplitudes of .5, 1 and .5, respectively. The starting phase 
of the CF component (350 Hz) has been shifted 60 degrees relative to the 
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and different starting phases. At 0 degrees starting phase, the sinewave begins at a point 
in the cycle when amplitude is equal to zero. When the starting phase is shifted to 90 
degrees, the sinewave begins at a point in the cycle when amplitude is maximum. The 
bottom panel of Figure 2 illustrates the waveform of a three-tone, CF phase-shifted 
complex. In this example, the starting phase of the CF component was shifted 60 
degrees relative to the starting phases of the side-bands. Comparison of the CF phase-
shifted waveform and the SAM waveform (Figure 1) reveals that the magnitude of 
fluctuation has been reduced by the introduction of the phase shift. 
When the CF component is shifted 90 degrees relative to the side-bands, a 
special condition called quasi-frequency modulation (QFM) is created. The waveform 
and amplitude spectrum of a QFM sound are illustrated in the top, right and bottom, 
right panels of Figure 1, respectively. The QFM waveform and amplitude spectrum are 
presented along with those of a 100% SAM sound so that comparisons of the two 
sounds can be easily made. The QFM sound has an amplitude spectrum like that of a 
100% SAM sound and other CF phase-shifted thre_e-tone complexes (Figure 2). 
However, the QFM sound is different from a SAM sound in two important ways. First, 
peak amplitudes of the QFM waveform (top, right panel of Figure 1) occur at twice the 
rate of those in the SAM waveform (top, left panel ofFigure 1). Second, the times 
between zero crossings in the fine-structure of the SAM waveform are of equal intervals 
within a modulation period. The times between zero crossings in the fine-structure of the 




All of the stimulus parameters mentioned above (i.e., MR, magnitude of 
amplitude fluctuation, relative starting phases of components) contribute to the temporal 
pattern of amplitude fluctuation, also referred to as the waveform's envelope ( T erhardt, 
1974). Two examples of envelope are given in Figure 1 (top, left and top, right panels). 
A third example is given in Figure 2 (bottom). Variation in envelope is thought to be an 
important stimulus feature in a sound's perceived quality (Fay, 1980; Terhardt, 1974). 
The magnitude of the waveform's envelope was manipulated in two ways in the present 
experiment. The first method was to attenuate the side-bands. The second was to phase 
shift the CF component relative to the side-bands. Both methods cause corresponding 
changes in the amplitude fluctuation of the envelope. The purpose of the present 
experiment is to investigate the effects of these manipulations have on the goldfish's 
perception of three-tone complexes. 
Previous Research 
Previous experiments have investigated the behavioral capacities and the neural 
mechanisms of the goldfish in detecting (Coombs & Fay, 1985; Fay, 1980) and 
discriminating (Fay, 1982; Fay & Passow, 1982) envelope fluctuations of amplitude-
modulated sounds. In comparison to humans, the goldfish is more sensitive in detecting 
modulation within a wide-range of modulation rates (5-300 Hz). In particular, the 
goldfish can detect a 3 percent change in modulation depth of a tone (800 Hz) 
modulated at 50 and 100 Hz (Fay, 1980). The modulation detection thresholds as a 
10 
function of MR for an 800 Hz tone show increasing sensitivity up to 200 Hz at a rate of 
3 dB per doubling of MR, and a faster decrease of sensitivity for MRs above 200 Hz. 
Neurophysiological studies conducted by Fay (1980) explored responses of 
saccular fibers (e.g., auditory nerve fibers) to modulated tones varying in modulation 
depth, MR and overall sound pressure level. That study showed that saccular fibers are 
characteristically broadly tuned (e.g, respond to a wide range of pure tone frequencies) 
and tend to synchronize neural action potentials (spikes) to the envelope of amplitude 
modulated sounds. Synchronization of the neural response to the envelope generally 
decreases with decreases in modulation depth and overall level. Maximal 
synchronization to the envelope occurs between 20 and 300 Hz. There is a close 
similarity between neurophysiological measurement of modulation sensitivity functions 
and modulation detection thresholds obtained in behavioral studies (Fay, 1980). 
Goldfish Perception and The Generalization Paradigm 
Generalization paradigms have been used to investigate animal perception since 
the 1950s (Guttman & Kalish, 1956) and goldfish perception since the 1960s 
(Bitterman, 1960; Yarczomer & Bitterman, 1965). In a generalization paradigm, 
animals are conditioned to respond with a particular behavior in the presence of some 
predetermined signal. Following conditioning, the conditioned stimulus (CS) is replaced 
by a novel signal that has been manipulated along some physical dimension. The 
response to the novel signal is then compared to the response to the conditioned 
stimulus. Any change in behavior can be attributed to the manipulation of the signal 
11 
(Fay, 1972; Mallot & Mallot, 1970). In this way a generalization function is obtained. 
A generalization function may estimate the perceptual similarity between the 
conditioning and novel test sounds (Bitterman, 1960). In other words, the more 
perceptually dissimilar the novel sound is to the CS, the more the animal's response to 
the test sound will differ from that to the CS. Shepard (1987) argued that responses 
obtained in generalization paradigms reflect the perceptual distance between stimuli in 
psychological space. While it may be argued that this approach is an indirect means of 
asking the animals questions about their perceptions, it does offer a description of what 
dimensions of sound are effective in controlling behavior. 
Fay (1972) classically conditioned goldfish to suppress respiration in the 
presence of a 400 Hz pure tone 100% amplitude modulated at 40 Hz. During 
subsequent testing the conditioned stimulus (CS) was replaced by novel signals differing 
only in modulation depth. As the modulation depth of the novel signals decreased the 
response magnitude (generalization) also decreased, indicating that the animals behavior 
was controlled by modulation depth. However, since the amplitude spectrum and the 
envelope were varied simultaneously it was unclear which of the two stimulus features 
actually controlled the behavior. The present experiment investigates this question by 
manipulating both amplitude spectrum and modulation depth somewhat independently. 
SAM and QFM Sound Perception by Human Listeners 
One perception evoked by these sounds is described as roughness. It has been 
assumed that roughness is dependent on envelope fluctuations (Terhardt, 197 4) .. 
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Several studies have investigated how roughness changes with manipulations of MR, 
CF, CF component phase shift, the magnitude of envelope fluctuation and the level at 
which the sound was presented. For example, Mathes and Miller (1947) investigated 
the effect that modulation rate and center frequency phase had on roughness. In their 
experiment, human listeners were presented two alternating sounds. One was a 100% 
SAM signal. The other was a QFM signal. Side-band amplitudes of the two sounds 
were equal and held constant. Listeners controlled the MR, and reported when the two 
signals were imperceptibly different. They found that with a MR greater than 40% of 
the carrier, the ability to discriminate between the SAM and QFM sounds was lost. 
Further experiments showed that the sound level at which three-tone complexes are 
presented effects the frequency range over which phase manipulations of the center 
frequency are perceptible (Mathes & Miller, 1947). That is, as center frequency 
component is lowered in frequency, the range of MR that produces phase effects 
becomes narrower. 
A more quantitative study (Goldstein, 1967) showed the MR at which SAM and 
QFM signals become indiscriminable drops as low as 15% of the CF when signals are 
presented at 20 dB above threshold, 25% of the CF at 40 dB above threshold, and 
returns to 40% of the CF at 60 dB above threshold. Clearly, perception of a three-tone 
complex is in part dependent on the level of sound presentation. 
In roughness scaling studies, Terhardt (1974) showed that if CF, MR, and level 
are held constant, perceived roughness is proportional to 1. 4 l 4m, where m is the ratio 
between side-band amplitude and CF component amplitude. For example, ifthe 
13 
sideband levels were set to be . 5 and the CF component level was set to be 1 then m 
would be equal to .5. Human listeners were presented pairs of SAM sounds (CF=l 
kHz, with sound presented at 60 dB above threshold). The first sound had a set m 
value, and constituted the standard for roughness. The second tone had either a greater 
m or a smaller m. Listeners reported whether the second sound was more rough or less 
rough than the standard. The sound that was equally probable of being judged both 
more rough and less rough was defined as half as rough as the standard. Terhardt 
concluded that with every 3 dB level drop of the side-bands, roughness is halved. 
Additionally, investigations have compared roughness evoked by SAM and QFM 
sounds. Terhardt (1974) presented listeners with a 100% SAM sound and then a QFM 
sound having an equal MR. Subjects reported that roughness of both QFM and SAM 
sounds increased with increases in MR of up to 8% of the CF component, after which 
roughness decreased. When the MR was less than 80 Hz, subjects scaled the QFM 
sound to be less than half as rough as the SAM sound. When the MR was equal to 80 
Hz, listeners judged the QFM sound as being 50% as rough as the SAM sound. With 
MRs greater than 160 Hz, the function could not be measured because both SAM and 
QFM sounds were scaled to have zero roughness. The findings of Terhardt (1974) are 
consistent with those of Mathes and Miller (1947), demonstrating that when the 
magnitude of amplitude fluctuation of a three-tone complex (CF=l kHz) was held 
constant, roughness was maximal with MR values between 25 and 80 Hz. 
The three-tone complex has also received more recent attention in the 
investigation of SAM versus QFM detection (Edwards & Viemeister, 1993; Fastl & 
14 
Scharer, 1986; Moore & Sek, 1992). Edwards and Viemeister (1993) presented human 
listeners with a three-tone complex (CF=l kHz) with various MRs (8, 16, or 32 Hz). 
The phase of the CF component was also varied and systematically shifted from O to 90 
degrees. They measured modulation detection thresholds as a function of phase angle of 
the CF component and MR. They found that detection thresholds were reduced with 
increased modulation rates for the QFM (90 degrees phase shift) sounds, whereas 
thresholds for the SAM sounds were unchanged. Since the long-term power spectra of 
the signals are identical, detection based on spectral analysis can be ruled out. Edwards 
and Viemiester (1993) suggested that detection of the QFM sound might be based on 
processing instantaneous frequency excursions, or the FM component of the QFM 
sound. However, they were unable to reject a detection mechanism based on the 
processing of fluctuations in the envelope, since the QFM signal causes fluctuations in 
the envelope as well. 
The general motivation for the present experiment was to extend literature on 
envelope perception to goldfish perception. In this experiment, goldfish were 
conditioned to a 100% modulated SAM sound and then tested for generalization to 
novel SAM sounds differing in modulation depths and other three-tone complexes 
differing in the starting phase of the CF component Both manipulations cause 
reductions of modulation depth. However, while the amplitude spectrum changes for the 
SAM manipulations (side-bands are attenuated), the spectrum remains unchanged for 
the CF phase-shift manipulations. At the same time, the rate of envelope fluctuation and 
the waveform fine structure change for the phase shift manipulations but not for the 
15 
SAM manipulations. Therefore, these experiments permit comparisons among 
modulation depth, modulation rate, amplitude spectrum, and wavefrom fine structure in 
their effects. In general, the results suggest that the goldfish's perceptions have much in 
common with those of human listeners and provide evidence that the perception of 
amplitude modulated sounds is a primitive, shared feature of vertebrate auditory 
systems. In addition, the present results provide a foundation for future 
neurophysiological investigations of the mechanisms underlying these perceptions. 
Animal Subjects 
CHAPTER II 
MATERIALS AND METHODS 
Sixteen common goldfish ( Carassius auratus ), about 8 cm in length served as 
subjects. Fish were maintained in communal aquaria between two weeks and two 
months. 
Acoustic Environment 
The experimental chamber was a cylindrical plexiglass tank, 23 cm in diameter 
and 28 cm high. Sound was produced from the bottom of the tank by a University 
Sound UW-30 loudspeaker. The loudspeaker was buried in sand, with the top of the 
speaker about 2 cm below the surface of the sand. The chamber rested on a limestone 
slab, inside an Industrial Acoustics Inc., single-walled booth. 
Fish were restrained by placing them in a cloth pocket which was closed with 
Velcro and clothes pins. The restraining apparatus is illustrated in Figure 3. The cloth 
pocket was suspended in the tank by a plexiglass holder fastened to the cylinder wall. 
This was an effort to standardize the listening position across fish. Fish were placed in 
the center of the tank, with the dorsal side about 6 cm from the water's surface. 
16 
17 
Figure 3. The acoustic tank. 
The fish is suspended between two mesh, wire plates (electrodes), through 
which an electrical shock is delivered to the fish. Changes in respiration were 




All sounds were digitally synthesized, 6 seconds in duration and had 20-
millisecond (ms) rise-fall times. Sounds presented during conditioning were at levels 
ranging from 15 to 3 9 dB (re: 1 dyne/ cm2). All sounds presented during testing were 
40 dB above absolute threshold for a pure tone at the CF component (previously 
estimated by Fay, 1969). Sounds were synthesized prior to the experiment and read out 
of a 16 bit digital-to-analog converter (DACl from Tucker Davis Technologies) at a 
rate of 5 kHz. The DAC 1 output was low-pass filtered at 1500 Hz, led to a 
programmable attenuator, and finally to a Crown 50 watt power amp. 
The acoustic signals were calibrated using a Clevite CH-17 hydrophone that was 
placed in the position the fish would assume during experimentation. The hydrophone 
signal was amplified, bandpass filtered between 30 and 2500 Hz, and digitized at a 
sampling rate of 5 kHz. Samples of 0. 8 seconds in duration were spectrally analyzed 
using Matlab Fast Fourier routines. 
SAM signals were synthesized by adding three sinusiods ( 320, 350 and 380 Hz). 
The amplitudes of the side-bands (320 Hz and 380 Hz) were -6 dB, -8 dB, -12 dB, -18 
dB, and -22 dB with respect to the level of the 350 Hz component. Also included in this 
study was a 3 50 Hz pure tone. Examples of the amplitude spectra and time waveforms 
of these signal are illustrated in Figure 4. 
A second manipulation of the signals was carrier phase. The carrier phase was 
set at O, 29, 37, 60, and 90 degrees with respect to. side-band phase. 
20 
Figure 4. Acoustic signal tank recordings of side-band amplitude attenuated signals. 
On the left are the time waveforms. The waveforms are 300 msec samples of 
recorded sounds. The true period of the SAM sounds is I 00 msec, or three 
periods of modulation. On the right are the corresponding amplitude 
spectra, with frequency running along the x-axis. On the y-axis, amplitudes 
are plotted in terms of decibels (re: CF component amplitude). In the upper 
right hand corner of each panel is the stimulus label. The normalized fourth 
moment of the envelope (W) is also provided. 
21 
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Recall that a QFM sound has envelope peaks that occur at twice the rate of a SAM 
sound modulated at the same rate. In order to investigate the perceptual consequence of 
the timing of these peaks, a QFM signal centered at 3 50 Hz, and having side-band 
spacing equal to half that of the 100% SAM signal was used. Upon inspection of this 
QFM wave form (labeled as "QFMH" in Fig. 5), it is apparent that peak amplitudes 
occur at the same time as those of the SAM signals. The power spectra and time 
waveforms of each of the phase-shifted signals are illustrated in Figure 5. 
In Figure 4, each signal has been labeled by a series ofletters and numbers. The 
side-band attenuated signals are labeled "SB," followed by a number corresponding to 
the side-band attenuation in dB (re: the level of the center frequency). For example, the 
100% amplitude modulated signal is named "SB6," since its side-bands are 6 dB below 
the level of the CF component. The 350 Hz pure tone was simply named "TONE." In 
Figure 5, the phase shifted signals are labeled "PHI," followed by a number 
corresponding to the degrees the CF component has been shifted (re: side-band phase 
angle). For example, a signal that had it's CF component phase shifted 60 degrees was 
named "PHI60." Exceptions to this nomenclature are "QFM," denoting a phase shift of 
90 degrees, and QFMH, denoting a phase shift of 90 degrees and a modulation rate of 
15 Hz (half the modulation rate of the QFM signal). It should be pointed out that 
"SB6," was identical to "PHIO." 
23 
Figure 5. Acoustic tank recordings of phase-manipulated signals. 
On the left are the time waveforms. The waveforms are 300 msec samples of 
recorded sounds. On the right are the corresponding amplitude spectra, with 
frequency along the x-axis and dB (re: CF component amplitude) plotted 
along the y-axis. The stimulus is in the upper right hand corner of each panel. 
The normalized fourth moment of the envelope (W) is also provided. 
24 
0 







150 200 250 300 350 400 450 500 
0 








150 ·200 250 300 350 400 450 500 
0 









150 200 250 300 350 400 450 500 
0 








150 200 250 300 350 400 450 500 
25 
In order to measure the acoustic signals impinging on the fish, samples of the 
sounds were recorded with the hydrophone and the waveforms averaged over 100 msec 
samples. The degree of envelope fluctuation of each signal was defined as the 
normalized fourth moment of the envelope (W). Calculations ofW were made for each 
signal according to equations set forth by Hartman and Pumplin (1982) for periodic 
signals. The general form of the equation is: W= 2/3 I,((x4)/(x2) 2 )/n, where x is the 
instantaneous amplitude of the average waveform, and n is the number of sample points 
over one envelope period. In the case of the present experiment, the waveform has a 
period of 100 ms, corresponding to the greatest common factor of the frequency 
components (10 Hz). The W value for each signal is given along with the power 
spectra and wave form of each signal in Figures 4 and 5. Figure 6 illustrates the 
relationships between side-band amplitude, CF phase angle and W. 
Experimental Design 
Fish were first placed in the acoustic chamber described above (Figure 3). A 
thermistor was placed near the gill or mouth, depending on which position gave the 
strongest signal. As the fish drew water through the mouth and across the gills, the 
flowing water cooled the thermistor producing a fluctuating voltage. The waveform of 
this fluctuation was recorded and digitized at 5 kHz. Respiratory suppression is an 
unconditioned response, lasting several seconds, to a 100 ms ac electric shock delivered 
through steel electrodes placed near the fish's head and tail (Figure 3). In a conditioning 
trial, electric shock occurred at the offset of the conditioned stimulus. The animal was 
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Figure 6. Manipulated stimulus characteristics versus W. 
Top: relationship between CF starting phase (re: side-band starting phase) and 
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defined as being conditioned when, upon presentation of the stimulus and before having 
experienced electrical shock, the animal exhibited respiratory suppression. 
Respiratory activity was calculated as the length of the recorded thermistor 
waveform minus the value expected when no respiratory activity was exhibited. The 
respiratory response (suppression ratio, or SR) during a six second conditioning or test 
stimulus was defined as the ratio of the respiratory activity during the last four seconds 
of the stimulus over the sum of the respiratory activity during the last four seconds of 
the stimulus and the respiratory activity 4 seconds preceding the stimulus. Thus, 
SR=B/ A+B. Therefore, complete suppression or respiratory activity (SR) yields a ratio 
of zero, and no change in respiration results in an SR of 0. 5. 
Animals were conditioned to a 100% SAM 350 Hz tone, modulated at 30 Hz 
and presented at random overall levels, ranging between 35 dB and 59 dB (re: 1 
dyne/cm2). A conditioning session consisted of 40 trials, with random inter-trial 
intervals averaging 120 seconds. Conditioned responses were obtained within 10 trials. 
Animals failing to show robust, sustained respiratory suppression during the 
conditioning were eliminated as subjects. A single conditioning trial included a 4 sec pre-
trial period during which respiration was measured, and a six second stimulus 
presentation that terminated with the shock. Though the procedure was computer 
automated, often it was necessary during the conditioning and testing to suspend the 
session for twenty minutes to 1 hour. This was done in order to aerate the tank water to 
maintain slow respiration. 
29 
Experiment I 
Following conditioning to the SAM stimulus, a test session consisted of 
eight stimuli (SB8, SBIO, SBI4, SB18, PHI27, PHl39, PHl60, and QFM) presented in 
random order four times each at levels about 40 dB above absolute threshold and 
without shock. Additionally, the conditioning stimulus (SB6) was presented every fifth 
trial (about 40 dB above absolute threshold), followed by a shock. The shock presented 
during testing was used to prevent extinction of the conditioned response. Animals 
were conditioned and tested on the same day. 
Experiment 2 
Following conditioning to the SAM stimulus, a test session consisted of eight 
stimuli (SBIO, SB 18, SB22, TONE, PHI39, PHI60, and QFM, and QFMH) presented 
in random order four times each. All other aspects of Experiment 2 were identical to 
those of Experiment 1. 
CAPTERIII 
RESULTS 
A median SR was calculated for each of the stimuli presented during the test 
session. Generalization was normalized with respect to the median SR to the 
conditioning stimulus, as measured during the test session, and expressed as a 
percentage. Percent generalization was defined as: ((0.5-medt)/(0.5-medc)*lOO, where 
medt is the median SR to the test stimulus, and medc is the median SR to the 
conditioning signal. Generalization values above 100% occurred when suppression to a 
test signal was greater than suppression to the conditioning stimulus. Each subject 
responded four times to each signal. The median response to each signal was calculated 
for each subject. The median response was then normalized with respect to the median 
SR to the conditioning stimulus. The normalized median response of each subject was 
then averaged across subjects (N=8). 
Summary of Results 
The mean median normalized percent generalization is plotted as a function ofW 
for all signals in Figure 7. Mean percent generalization to side-band attenuated signals 
decreased with decreases in envelope fluctuation (W) and dropped to 
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Figure 7. Mean normalized percent generalization as a function ofW. 
The blackened square with a W of 1. 0 represents a response to the pure tone 
signal. Standard error associated with each mean is shown as a "t" bar. 
Standard error is the mean plus or minus the value of error at the horizontal 
line of the "t." 
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about 80% for signals with W-values between 1.6 and 1.3. Percent 
generalization dropped as low as 3 7% for signals with W-values below 1. 3. Percent 
generalization to the 350 Hz pure tone, at the lower limit ofW (1.00), was about 21 % 
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The mean median normalized percent generalization is also plotted as a 
function ofW for the CF phase-shifted stimuli in Figure 7. Mean percent generalization 
to CF phase-shifted signals decreased with decreases in W. Percent generalization 
dropped to about 80% as W-values decreased to about 1.2. Generalization to the 90 
degrees phase-shifted signal (QFM) averaged about 50%. Generalization to QFM and 
QFMH were about equal. 
The mean normalized percent generalization to phase shifted signals, for 
experiments 1 and 2 fall along a single function, showing that the animals' performance 
is consistent across experiments. Likewise, generalization functions obtained in 
response to side-band attenuated signals show consistency in performance across 
experiments. Additionally, mean normalized generalization to both phase-shifted and 
side-band attenuated signals can be described by a single monotonic function. 
In Table I are listed the means for each experiment, as well as stimulus labels 
and their corresponding W-values. The signals are ordered by W-values and range from 
1.975 (100% SAM sound) to 1.000 (350 Hz tone). Mean normalized percent 
generalization to signals common to both experiments (N= 16) are also provided. 
Individual Data 
Individual median responses are plotted in Figure 8. Each data point represents 
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the median response over four trials. The top, left panel shows generalization as a 
function of side-band level for the eight animal subjects in Experiment 1. The bottom 
left panel shows generalization as a function of phase shift for each of the eight animal 
subjects in Experiment 1. Individual responses to side-band attenuated and CF phase-
shifted sounds of the eight subjects in Experiment 2 are plotted in the top, right and 
bottom, right panels, respectively. Large individual differences in response to both side-
band attenuated and CF phase-shifted signals are present in both of the two experiments. 
Figure 9 shows these individual differences plotted as a function ofW. 
Figure 8. Individual normalized percent generalization for experiments 1 and 2, as a 
function of stimulus characteristics. 
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Top. left: mean normalized percent generalization as a function of side-band 
attenuation (in dB re: amplitude of center frequency) for Experiment 1. Bottom. 
left: normalized percent generalization as a function of center frequency phase 
shift (in degrees re: side-band phase angle), for Experiment 1. Top. right: mean 
normalized percent generalization as a function of side-band attenuation (in dB 
re: amplitude of center frequency) for Experiment 2. Bottom. right: normalized 
percent generalization as a function of center frequency phase shift (in degrees 
re: side-band phase angle), for Experiment 2. 
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Figure 9. Individual normalized percent generalization for experiments 1 and 2, as a 
function ofW. 
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Top. left: mean normalized percent generalization to SAM sounds for 
Experiment 1 as a function ofW. Bottom. left: mean normalized percent 
generalization to CF phase-shifted sounds for Experiment 1 as a function ofW. 
Top. right: mean normalized percent generalization to SAM sounds for 
Experiment 2 as a function ofW. Bottom. right: mean normalized percent 
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Table 1. Summary of Data. Normalized percent generalization 
Table I. Summary of Data. Normalized percent generalization sorted by 
normalized fourth moment of the envelope (w). 
EXP 1 (N=S) EXP 2 (N=S) EXP 1-2 (N=l6) 
Stimulus Label Means Means Means w 
SB6/PIIlO 100 100 100 1.975 
SBS 86.84 1.825 
PHI27 87.94 1.708 
SBIO 79.97 98.81 89.39 1.639 
PHI39 80.69 79.09 79.89 1.519 
SB14 74.75 70.98 72.865 1.326 
PHI60 81.72 76.5 79.11 1.215 
SB18 53.34 1.144 
SB22 37.16 1.108 
QFMH 48.56 1.102 
QFM 51.87 50.19 51.03 1.094 
TONE 22.05 1 
CHAPTER IV 
DISCUSSION 
Data from a previous generalization experiment on amplitude modulation 
conducted by Fay (1972) are plotted in Figure 10. 'Animals in Group 2 were conditioned 
to a 100% SAM 400 Hz tone modulated at 40 Hz. Animals in Group 5 were conditioned 
to 100% SAM 1000 Hz tone modulated at 40 Hz. In subsequent testing sessions animals 
were presented signals with modulation depths varying from 100% to 6% modulation. As 
with the current experiment, percent generalization declined with decreases in side-band 
level. However, the generalization function obtained in the current experiment declined 
more rapidly than generalization in the previous experiment (Fay, 1972). Additionally, 
generalization in the current experiment dropped to about 3 7%, roughly 20% less than the 
minimum generalization obtained in the previous experiment (Fay, 1972). Overall there 
seems to be less generalization in the current experiment than in the previous one (Fay, 
1972). There is a physiological basis for the function obtained in the present experiment 
In Figure 11 are plotted the normalized percent generalizations from the present 
experiment and physiological data previously published by Fay (1980). Fay measured 
responses to a SAM sound with various P-ratios (CF=800 Hz, .MR.=40 Hz). 
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Figure 10. Percent generalization as a function of side-band level. 
Behavioral responses obtained in a previous study (squares; adapted from Fay, 
1972) are plotted along with the behavioral responses obtained in the present 
experiment (circles). 
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Figure 11. Physiological response (adapted from Fay, 1980) plotted with behavioral 
response. 
Normalized percent neural responses for two saccular afferent fibers 
with different sensitivities (triangles) are plotted. Also plotted is the average 
normalized neural response of the two fibers (squares). Both neural response 
and behavioral response (circles) to side-band attenuated signals are plotted 
as a function W. 
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Physiological responses were originally quantified as N*r, where N is the number of spikes 
and r is coefficient of synchronization (Goldberg and Brown, 1969) to the envelope 
period. Here neural responses are normalized to the value ofNDr at the greatest 
amplitude fluctuation of the envelope. Stimulus envelope fluctuation is expressed in terms 
ofW. The triangles pointing up are the normalized responses of a saccular afferent that is 
most sensitive to a pure tone of 400 Hz. The triangles pointing down are the normalized 
responses of a saccular afferent that is most sensitive to a pure tone of 600 Hz. The 
squares represent the normalized average responses of the two fibers. Circles represent 
the behavioral response to side-band attenuated signals measured in the current 
experiment. Even though the sound presented in Fay's (1980) experiment differed in the 
frequency of the CF component and in the MR, there is a clear correlation between the 
neural response and the goldfish's generalization to SAM sounds with similar W-values. 
Shifting the phase angle of the CF component creates changes in the waveform's 
fine structure (zero crossings), or equivalently adds a frequency modulated (FM) 
component to the sound. Temporal changes are also evident in envelope. Recall that 
peaks in the envelope of the QFM sound occur at twice the rate of the 100% SAM sound. 
It may be argued that lack of generalization to this sound in particular was based on a 
dimension of the sound independent of the magnitude of envelope fluctuation (e.g., the 
doubling of the modulation rate). In order to rule out lack of generalization due to this 
temporal change, responses to the QFM sound modulated at 15 Hz ( QFMH) was also 
measured. QFMH has peak amplitudes occurring at the same time as the those of the CS 
(100% SAM signal). Generalization to the QFMH (49%) signal is essentially equal to the 
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mean response to the QFM ( 51 % ) signal (Table I). Apparently, the change in timing of 
the zero crossings of the phase shifted sounds did riot control the animals behavior, since 
generalization to both side-band attenuated and phase shifted signals appear to lie along a 
single function (Figure 7). Likewise, ifFM information was being used by the goldfish, 
one would expect there to be less generalization to QFM sounds and CF phase-shifted 
sounds than to the side-band attenuated sounds with comparable envelope fluctuations. 
Again, this is clearly not the case. Thus, the magnitude of envelope fluctuation seems to 
be the stimulus feature that controls behavior. This finding is in agreement with human 
performance (e.g., Goldstein, 1967, Terhardt, 1974, and Mathes and Miller, 1947). 
The side-band attenuated sounds represent a spectral manipulation since 
decreases in the amplitude fluctuation of the envelope were created by attenuating the 
level of the side-bands. If generalization was based on spectral features then the animals 
should have generalized more to the CF phase-shifted sounds. Likewise, if generalization 
decrements were based solely on phase relationships between components, then the 
animals should have generalized to side-band attenuated signals. Both side-band levels 
and phase relationships contribute to the envelope of a sound. However, the parsimonious 
interpretation is that the envelope itself determines the goldfish's perception of the three-
tone complexes. 
Whether or not generalization to the CF phase shifted sounds might have an 
underlying physiological basis similar to neural responses to envelopes of SAM signals 
(Figure 11 ), has yet to be determined. Likewise, whether or not the goldfish can 
discriminate between QFM and SAM sounds having an equal W-value has yet to be 
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investigated. If as in other demonstrations, the goldfish's perception is like that of human 
subjects, we would expect the two sounds to be discriminable by the goldfish. 
CHAPTER V 
CONCLUSIONS 
( 1) Generalization functions obtained in the goldfish's response to both side-band 
attenuated and CF phase-shifted signals can be described by a single function, and are 
dependent on the magnitude of amplitude fluctuation of the envelope. In general, percent 
generalization decreased with decreases in the magnitude of amplitude fluctuations of the 
envelope (W). This finding demonstrates that the goldfish's perceptions of such sounds, 
like perceptions by human subjects, are determined by the sound's envelope. 
(2) The generalization function is supported by previous physiological evidence 
(Fay, 1980) obtained in response to side-band attenuated signals. 
(3) At least for a three-tone complex, with 350 Hz center frequency and 
modulation rate of 30 Hz, the degree of FM in the signal does not appear to affect the 
goldfish's perception of the three-tone complex. 
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